Three Gram-stain-positive, catalase-and oxidase-positive coccus-or rod-shaped bacterial strains, designated BM2 T , BM4 and BM5, were isolated from soil in South Korea. They showed strong resistance to gamma radiation with a D 10 value of 9 kGy but weak UVC resistance. The 16S rRNA sequences of strains BM2 T , BM4 and BM5 represent a novel subline within the genus Deinococcus in the family Deinococcaceae. The 16S rRNA gene sequences of strains BM2 T , BM4 and BM5 were indistinguishable and showed 98.1-87.3 % similarity with other species of the genus Deinococcus. Strain BM2
Genus Deinococcus was first established by Brooks & Murray (1981) , and at the time of writing comprises more than 55 species with validly published names (www.bacterio.net/deinococcus.html). Members of this genus are aerobic, Gram-positive, coccus-or rod-shaped and non-motile, and most are known to show resistance to UV and gamma radiation. Resistance to ionizing radiation has been observed in several genera, such as Deinococcus, Hymenobacter, Kineococcus, Kocuria, Methylobacterium, Pyrococcus, Rubrobacter and Thermococcus (Rainey et al., 2005; Yu et al., 2015) . Ionizing radiation causes cellular damage by producing reactive oxygen species in prokaryotic and eukaryotic cells (Daly, 2012; Lee et al., 2014; Son et al., 2014) . Radiation-resistant organisms contain sophisticated enzymes that can protect and repair damaged DNA (Kisker et al., 2013; Joo et al., 2015; Kim et al., 2015a, b) after irradiation.
During a study to isolate radiation-resistant bacterial strains from dry soil samples, we isolated three bacterial strains, designated BM2 T , BK4 and BK5, collected at the rocky hillside of a mountain located near Seoul Women's University (378 379 44.90 N 1278 59 22.70 E). The soil sample was 3These authors contributed equally to this paper. irradiated with gamma radiation prior to the isolation. One gram of soil sample was irradiated with 3 kGy using a 60 Co gamma irradiator (point source AECL, IR-79) and thoroughly immersed in 50 ml saline (0.85 % NaCl) solution, vortexed and serially diluted. An aliquot (100 ml) was spread onto tenfold diluted R2A agar (Difco) and incubated at 25 8C for 1 week. Colonies were purified by transferring them onto new plates and incubating them once more under the same conditions. The isolates were routinely cultured on nutrient agar (Difco) at 30 8C and maintained as a glycerol suspension (20 %, w/v) at 270 8C.
Genomic DNA was extracted using a commercial genomic DNA extraction kit (Solgent), and the 16S rRNA gene was amplified using primers 9F/1492R, as described previously (Weisburg et al., 1991) . The purified PCR product was sequenced using the 9F, 518F, 785F and 800R universal bacterial primer set by Genotech. The nearly complete sequence of the 16S rRNA gene was compiled with SeqMan software (DNASTAR). The 16S rRNA gene sequences of related taxa were obtained from GenBank and analysed using the BioEdit program (Hall, 1999) . Multiple alignments were performed with the CLUSTAL X program (Thompson et al., 1997) . Evolutionary distances were calculated using the Kimura two-parameter model (Kimura, 1983) . Phylogenetic trees were reconstructed using the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971) and maximum-likelihood methods in the MEGA5 program (Tamura et al., 2011) with bootstrap values based on 1000 replications (Felsenstein, 1985) . On the basis of 16S rRNA gene sequence similarities, the closest relatives were Deinococcus grandis DSM 3963 T (98.1 %), Deinococcus radiotolerans C1 T (97.9 %) and Deinococcus daejeonensis MJ27
T (97.6 %). Sequence similarity to other species of the genus Deinococcus was j95.7 %. In the neighbour-joining phylogenetic tree (Fig. 1) , strains BM2
T , BM4 and BM5 formed a monophyletic group and joined a cluster comprising members of the genus Deinococcus, with a high bootstrap value of 89 %. This was also confirmed in the trees reconstructed using the maximumparsimony and maximum-likelihood algorithms. 
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Thermus aquaticus The Gram-staining reaction was performed according to the classic Gram procedure described by Doetsch (1981) . Cell morphology and motility were examined by light microscopy (Olympus BX51). Cell motility was examined using the hanging drop technique after the cells had grown for 3 days at 30 8C on R2A agar (Bernardet et al., 2002) . Growth under anaerobic conditions was tested by culturing the strains on R2A agar, nutrient agar (Difco) and trypticase soy agar (Difco) plates in GasPak jars (BBL) at 30 8C. Oxidase activity was examined by the oxidation of 1 % (w/v) tetramethyl-p-phenylene diamine. Catalase activity was determined by measuring bubble production after applying 3 % (v/v) hydrogen peroxide solution. Growth on different media was also assessed on trypticase soy agar and nutrient agar. The API 20NE, API 20E, API ID32GN, API 50CH and API ZYM microtest systems were employed according to the manufacturer's recommendations (bioMérieux). Growth at different temperatures (4, 10, 15, 20, 25, 30, 37 and 42 8C) was assessed on R2A agar (Difco) for 1 week. Growth at various pH (4, 5, 6, 7, 8, 9 and 10) was assessed in R2A broth (MBcell) at 30 8C. The pH of the medium was maintained using three buffers (final concentration of 50 mM): acetate buffer (for pH 4.0-5.0), phosphate buffer (for pH 6.0-8.0) and Tris buffer (for pH 9.0-10.0). Tolerance to NaCl was tested at 30 8C in R2A broth (MBcell) that had been supplemented with 0-10 % (w/v) NaCl (1 % intervals). Cell pigments were extracted using 95 % ethanol, and a UV spectrophotometer (UV-2450; Shimazu) was used to analyse the absorption spectrum between 300 and 700 nm (Gosink et al., 1998) . Cells were aerobic, Gramstain-negative, non-spore-forming and coccus-shaped (Fig. S1 , available in the online Supplementary Material). Strains BM2
T , BM4 and BM5 showed absorbance peaks of carotenoids, but no flexirubin pigments (Fig. S2) . The phenotypic characteristics of strains BM2
T , BM4 and BM5 are given in the species description, and characteristics that differentiate them from other Deinococcus species are listed in Table 1 .
The survival rate after exposure to gamma and UV radiation was measured on cells in the early stationary phase (<10 9 c.f.u. ml
21
), in tryptone glucose yeast broth (Difco). Cells were irradiated with a 60 Co-based gamma irradiator; the irradiation strength was <100 kCi (3.7 PBq) at a dose rate of 70 Gy min 21 (Im et al., 2008; Srinivasan et al., 2012a Srinivasan et al., , b, 2015 Lee et al., 2015) . For the UV radiation, a UVC UV cross-linker (UVP, CX-2000) at 254 nm was used with different dose adjustments (Im et al., 2013; Selvam et al., 2013) . After irradiation, the cell suspensions were diluted and plated on tryptone glucose yeast agar plates in triplicate. A positive control, Deinococcus radiodurans R1 T (5DSM 20539 T ), and a negative control, Escherichia coli K-12 (5KCTC 1116), were used for comparison (Kämpfer et al., 2008) . The numbers of colony-forming units of the strains were counted, and the survival rate was calculated. The application of radiation on the soil sample will eliminate undesired bacterial strains. Meanwhile, radiation-resistant bacteria can be isolated (Rainey et al., 2005) . The isolated strains BM2 T , BM4 and BM5 showed gamma-radiation resistance (D 10 value of 9kGy) similar to that of D. radiodurans R1 T (Fig. S3) . Meanwhile, the strains showed slightly lower UVC radiation resistance compare with D. radiodurans R1 T (Fig. S4) . In both gamma and UVC radiation, the isolates showed high levels of resistance, which is consistent with the characteristic feature of the genus Deinococcus.
The fatty acid profile of the strains was analysed using cells grown on R2A agar for 48 h at 25 8C. Two loopfulls of third and fourth quadrant cells were harvested at the early stationary growth phase and subjected to saponification, methylation and extraction using the methods of Kuykendall et al. (1988) . Fatty acids were identified by the Microbial Identification software package capillary GLC Hewlett Packard 6890 using the Sherlock system MIDI 6.0 and the Sherlock Aerobic Bacterial Database (TSBA6) (Sasser, 1990) . The comparative fatty acid profiles of strains BM2
T , BM4 and BM5, with closely related species of the genus Deinococcus, are shown in Table S1 . The major fatty acids were summed feature 3 (composed of C 16 : 1 v7c/ C 16 : 1 v6c), C 15 : 1 v6c and C 16 : 0 , which are the major fatty acids in other members of the genus Deinococcus. The fatty acid profiles of strains BM2
T , BM4 and BM5 were similar to those of other closely related type strains, but some qualitative and quantitative differences were observed.
For isoprenoid quinone and polar lipid analysis, cells were grown on R2A agar, collected by centrifugation and freezedried. Isoprenoid quinones were extracted with chloroform/methanol (2 : 1, v/v), purified using a Sep-pak kit (cartridge) and subsequently analysed by HPLC, as described by Collins & Jones (1981) and Shin et al. (1996) . The polar lipids were extracted and examined by two-dimensional TLC (Minnikin et al., 1984) . The total lipids were revealed by staining with 5 % ethanolic molybdophosphoric acid, and the different spots were identified by using specific reagents. All three strains contained menaquinone 8 as the major respiratory quinone, which is common in the members of the genus Deinococcus. The results of TLC showed that the three strains BM2
T , BM4 and BM5 were indistinguishable and contained major amounts of an unknown phosphoglycolipid. Moderate to minor amounts of unknown glycolipids, an unknown aminophospholipid, unknown aminolipids and unknown polar lipids were also present (Fig. S5) . Genomic DNA was extracted as described above and enzymically degraded into nucleosides. The nucleosides were analysed using HPLC and the DNA G+C content was calculated as described previously (Tamaoka & Komagata, 1984) . The DNA hybridization experiment was performed fluorometrically, according to the method developed by Ezaki et al. (1989) , using photobiotin-labelled DNA probes and microdilution wells. Hybridization was performed in the presence of 50 % (v/v) formamide with an ionic strength of 0.3 M NaCl, and hybridization was carried out reciprocally with five replications per sample. (Stackebrandt & Goebel, 1994; Wayne et al., 1987) . Specific DNA hybridization values are shown in Table S2 .
The chemotaxonomic characteristics of strains BM2 T , BM4 and BM5 showed typical features of the genus Deinococcus, with the presence of menaquinone 8 as the predominant respiratory quinone; the major fatty acids are summed feature 3 (composed of C 16 : 1 v7c/C 16 : 1 v6c), C 15 : 1 v6c and C 16 : 0 ; the major polar lipid as an unknown phosphoglycolipid. Polyphasic analysis clearly indicates that strain BM2 T represents a novel species within the genus Deinococcus, for which the name Deinococcus actinosclerus sp. nov. is proposed.
Description of Deinococcus actinosclerus sp. nov.
Deinococcus actinosclerus (Gr. n. actis, actinos ray, beam; Gr. adj. sklêros hard; N.L. masc. adj. actinosclerus hard against rays, referring to the organism's radiation resistance).
Cells are Gram-stain-positive, non-motile, non-sporeforming and coccus-or short-rod-shaped, 0.8-1.5 mm wide and 1.0-1.5 mm long. Colonies on R2A agar are circular, smooth and pink. Growth occurs at 25-37 uC; the optimum temperature for growth is 25 uC. The pH range for growth is pH 7.0-8.0, with an optimum at pH 7.0. Cells show resistance to gamma and UVC radiation. Growth occurs on trypticase soy agar, Luria-Bertani agar and R2A agar. Oxidase-negative and catalase-positive. Nitrate is reduced to nitrogen gas. Cells show activities for acid phosphatase, b-galactosidase (ONPG), a-glucosidase and leucine arylamidase. Cells show no activities for N-acetylb-glucosaminidase, a-chymotrypsin, cystine arylamidase, a-fucosidase, a-galactosidase, b-glucosidase, b-glucuronidase, lipase (C14), a-mannosidase, naphthol-AS-BI- , strain BM4 (5JCM 30701) and strain BM5(5JCM 30702) were isolated from a soil sample collected near Seoul Women's University that was exposed to gamma radiation in the laboratory. The G+C content of the genomic DNA is 68.8-69.7 mol%.
